In this study, different amounts of TaC powders (0, 10, 15 and 20 mass%) were mixed and added to the cobalt-based alloy powders. The composite powders were sintered at 1260, 1270, 1280 and 1290°C, respectively, for 1 h. The experimental results showed that adding 10 mass% TaC and sintering at 1270°C for 1 h was the optimal process, resulting a high TRS value of 1160 MPa and uniform carbides precipitations. From the microstructural observations, it was cleared that M 6 C carbides precipitated in the matrix of the Co-based alloys (0% TaC) after vacuum sintering. However, the more uniform precipitations of M 6 C, M 23 C 6 and MC (M = Ta) carbides precipitated in the matrix and grain boundaries of the Co-based alloys after vacuum sintering. Furthermore, in the HIP treatment (1250°C/125 MPa/100 min) of 0% and 10% TaC sintered composite materials, it was proved that the closed pores were effectively eliminated and mechanical properties significantly improved. The highest hardness (HRA 79.3) and TRS (1720 MPa) were obtained by adding 10% TaC powders, which were sintered at 1270°C for 1 h, followed by HIP treatment.
Introduction
Cobalt-based alloys are used in wear related engineering applications because of their inherent high strength, corrosion resistance and ability to retain hardness at elevated temperatures. 1) They are widely used in manufacturing nozzle guide vanes and turbine blades in aerospace turbine engines. 13) Cobalt-based alloys are usually strengthened by precipitated carbides (such as M 6 C and M 23 C 6 ) and solid-solution atoms (such as W, Mo and Ta). 4) Tantalum carbide (TaC) is an interesting compound due to its remarkable high temperature properties. Namely, the high hardness (>20 GPa), high melting point (>3800°C) and resistance to chemical attack and oxidation can be attributed to the presence of strong covalent-metallic bond. Industrial applications of the tantalum carbides are cutting tools, hard coating, and hard constituents in the metal matrix composites for high temperature applications because of their great strength, hardness and melting temperature. 5, 6) Over the past 10 years, industrial cutting tool steels have used metal-ceramic composite materials, whereas powder metallurgy (P/M) methods can offer two very different types of materials with the objective of achieving higher strength, hardness and wear resistance for tool steels. Conventional P/M involves mixing the metal powders, compacting of the mixed powders into moulds and sintering of the compact powders under the different atmospheres. However, sintered P/M parts usually over 5% porosity. Enhanced sintering techniques can be applied to obtain higher density and reduced porosity in sintered parts. 7) In addition, the HIP technology provides uniform density very close to theoretical density, elimination of porosity, improved fatigue, creep and tensile properties. 810) Metal matrix composites (MMC) are known to exhibit exceptional wear resistance. Among them, the most used in alloys is TaC carbide, notably in cobaltbased alloys. One of the main uses for TaC is as a reinforcing phase to increase strength and wear resistance. Therefore, several studies used TaC as a reinforcing medium in a cobaltbased alloy to enhance this property.
1113)
In this work, various amounts of TaC powders were added to cobalt-based powders, and the effects of microstructures and mechanical properties on cobalt-based alloys with added TaC powders were evaluated. In addition, we explored a HIPing process for the sintered specimen with the optimal amount of TaC powder added, and the improvement on the microstructure and mechanical properties of cobalt-based alloy strengthened with TaC were evaluated.
Experimental Procedure
In this study, gas-atomized cobalt-based alloy powders were used as substrate, and the mean particle size was 8 « 1 µm. The chemical compositions (mass%) of the cobaltbased alloy powder are as follows: 2933% Cr, 810% W, 5 3:0% Fe, 1.53.0% Ni, 1.41.7% C, 11.5% Si, 5 1:0% Mo, 5 0:5% Mn and a balance of Co. In addition, different amounts of TaC powders (0, 10, 15 and 20 mass%) were mixed and added to cobalt-based alloy powders, designated as 0% TaC, 10% TaC, 15% TaC and 20% TaC, respectively. The mixed powders were milled using the WC balls for 3 h. After milling, the PVA (polyvinyl alcohol) as a binder was added. The green body (5.5 mm © 5.5 mm © 40 mm) of the powder specimen was produced under uniaxial pressure at 82 MPa for 60 s. The vacuum sintering was conducted at 1260, 1270, 1280 and 1290°C for 1 h in a 1.33 © 10 ¹3 Pa, respectively. The parameters of HIP treatment (Flow Autoclave Pressure Systems, Inc.) were performed at 1250°C for 100 min under 125 MPa.
To evaluate the effects of cobalt-based alloys adding TaC powder by vacuum sintering and HIP processes, in this study apparent porosity, hardness, transverse rupture strength (TRS) tests were measure, and optical microscopy (OM), scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) microstructure inspections were performed. The Hung Ta universal material test machine (HT-9501A) with a maximum load of 245 kN was used for the TRS tests (ASTMB528-05). Meanwhile, R bm was the transverse rupture strength, which is determined as the fracture stress in the surface zone. Where the F was maximum fracture load, L was 30 mm, k was chamfer correction factor (normally 1.001.02), b and h were 5 mm in the equation R bm = 3FLk/2bh 2 , respectively. The specimen dimensions of the TRS test were 5 © 5 © 40 mm 3 . Porosity test was conducted in accordance to the ASTM C373-88 standard. Hardness tests were measured by Rockwell A hardness (HRA, Indentec 8150LK) with a loading of 588 N, which followed the ASTM B294 standard.
Results and Discussion
The morphology of cobalt-based alloy powders showed round and equiaxed particle characteristic of gas-atomized powder, as shown in Fig. 1(a) . The surface morphology of TaC powder is shown in Fig. 1(b) . The mean particle size of the TaC powders was about 1.45 « 0.5 µm, the density was 1.39 © 10 4 kg m ¹3 , the shape was irregular and there were no smooth or undulating surfaces. In this study, different amounts of TaC powders were added to a cobalt-based alloy substrate. After mixing and ball milling treatment, the composite powders clearly showed the coated phenomenon of mechanical alloying. The harder tantalum carbide was coated on the cobalt-based alloys surface, as shown in Fig. 1(c) . Figure 2 shows the volume shrinkage rate and porosity of different amounts of TaC powders added to cobalt-based alloys under different sintering temperatures. Figure 2(a) shows that the volume shrinkage rate of a 0% TaC specimen increased obviously as the sintering temperature increased to 1270°C. The volume shrinkage rate was 32.6% at 1260°C after sintering for 1 h. The highest rate was 37.4%, which appeared at 1270°C after sintering for 1 h. When the sintering temperature increased to 1280°C, the volume shrinkage rate decreased slightly to 37.2%. Because the original shape and distribution of cobalt-based alloys were more consistent, reducing the liquid phase sintering (LPS) temperature was helpful.
4) It obviously showed that the sintering result was better for the 0% TaC specimen sintered at 1270°C for 1 h, while the volume shrinkage rate of 10%, 15% and 20% TaC was only 22.825.6% after sintering at 1260°C for 1 h. However, increasing the sintering temperature to 1270°C caused the volume shrinkage rate to increase rapidly. Meanwhile, the highest volume shrinkage rate of the 20% TaC specimen, which was 44.8%, appeared when sintering at 1280°C. Figure 2 (a) shows that when the sintering temperature increased to 1270°C, the heat energy generated at these high temperatures contributed to a good sintering result. As a result, the addition of TaC powders to sintered specimens result in an obvious shrinkage at 1270°C. However, all the composite specimens underwent melting after sintering at 1290°C for 1 h. The melting appearance in the specimens was unsuitable for subsequent research and tests. Figure 2 (b) shows the porosity of different amounts of TaC powders added to cobalt-based alloys at different sintering temperatures. The porosity of the 0% TaC specimen was higher (7.5%) after sintering at 1260°C for 1 h due to the LPS involvement in the formation of a liquid phase, to promote higher densification rates and lower the sintering temperatures. The results suggest that the 0% TaC specimen did not completely reach the LPS temperature. When the sintering temperature was raised to 1270°C, the porosity of the 0% TaC specimen rapidly decreased to 2.2%. In addition, the specimens with more TaC powder added required a higher temperature to provide sufficient sintering energy for a complete LPS. Therefore, the 10%, 15% and 20% TaC specimens sintered at 1260°C for 1 h had higher porosity (21.427.3%). When the sintering temperature was raised to 1270°C, the porosity of all specimens rapidly decreased to below 1.8%. Nevertheless, the porosity of all specimens slightly increased as the sintering temperature was increased to 1280°C. Results suggest that the temperature of 1270°C corresponds to the LPS temperature for all sintered specimens. Figure 3 shows the hardness and TRS test results of cobalt-based alloys after adding different amounts of TaC powders at different sintering temperatures. A comparison of these results, shown in Fig. 2(b) , reveals that the porosity level of the specimens significantly decreased as the sintering temperature increased to 1270°C, thus enhancing the hardness. The hardness of a 0% TaC specimen reached 70.2 HRA after being sintered at 1270°C. Significantly, the hardness enhanced as the added amount of TaC powder increased. Therefore, the 20% TaC specimen could achieve a better densification (porosity is 1.2 « 0.5%) and a higher hardness (HRA 78.3) after sintering at 1280°C for 1 h. However, it is possible that the high hardness of TaC was uniformly dispersed in the matrix of the cobalt-based alloys, causing increased hardness. In addition, previous literature 14) also indicated that the TaC powder could inhibit the grain growth during the sintering process, thus leading to much finer grains and effectively improving the surface hardness of alloys. Compared with the hardness of the 0% TaC, the 10% TaC, 15% TaC and 20% TaC specimens sintered at 1270°C for 1 h exhibited obvious increases in hardness as the TaC additive increased.
The sintered density and porosity levels of the cobalt-based composite materials are important factors that directly affect the transverse rupture strength (TRS). Our previous study found that if the sintered specimen was not fully densified, the materials generally existed many internal pores. 9) In this study, when the specimen was subjected to extra stress during the TRS tests, cracks grew along the internal pores, resulting in rapid fracturing. Figure 3(b) shows the TRS test results for various composite specimens at different sintering temperatures. All the TRS value of specimens increased rapidly and then slightly decreased as the sintering temperature increased. The 0% TaC specimen sintered at 1260°C for 1 h had the highest value (1120 MPa) after the TRS tests. In addition, the densification (porosity was 1.8 « 0.8%) of the 10% TaC specimen was significantly improved after vacuum sintering at 1270°C for 1 h, leading to the highest TRS (1160 MPa). The higher sintering temperature easily caused a grain coarsening phenomenon (and the rapid growth of carbides), which resulted in a lower TRS for the specimens after vacuum sintering at 1280°C for 1 h. This could be the reason that the TRS value of all specimens exhibited a decreasing trend after vacuum sintering at 1280°C for 1 h.
According to the above results and discussion, it is reasonable to suggest that the optimal sintering temperature of cobalt-based composite specimens is 1270°C. Furthermore, a comparison of the optimal sintering temperatures for all composite specimens shows that the TRS slightly decreased as the added amounts of TaC increased from 10 to 20 mass%. It is estimated that a large amount of added TaC caused many MC carbides to accumulate and continuously precipitate in the grain boundaries, thereby decreasing the strength of the alloys after TRS tests. Figure 4 shows the OM observations of the 0% TaC specimens at different sintering temperatures. It can be observed that obvious pores existed in the specimen after sintering at 1260°C, as shown in Fig. 4(a) . The result confirms that the sintering temperature still not reached complete LPS condition. Increasing the sintering temperature to 1270°C clearly caused the pores to disappear. Meanwhile, carbide precipitations gradually increased and were uniformly distributed in the matrix, as shown in Fig. 4(b) . This shows that increasing the sintering temperature is helpful in achieving a good LPS result. There were no pores in the specimens when the sintering temperature reached 1280°C, as shown in Fig. 4(c) . However, the grain coarsening phenomenon and the rapid growth of carbides were relatively obvious. By comparing the result with Fig. 3(b) , it is clear that no good LPS resulted in poor mechanical properties after 1260°C sintering. When the sintering temperature was increased to 1270°C, the pores disappeared and the fine carbide precipitations uniformly dispersed in the matrix, resulting in an effective enhancement in the mechanical property. Conversely, grain coarsening (and the rapid growth of carbides) caused the 0% TaC specimen to decline in mechanical strength after 1280°C sintering. Figure 5 shows the OM observations of the 10% TaC specimens at different sintering temperatures. Figure 5(a) shows that the TaC powders clearly distributed in the grain boundaries. Moreover, the carbide precipitations in the matrix were relatively small, which signifies that the specimen had not yet reached complete LPS. When the sintering temperature was increased to 1270°C, the LPS effect became more obvious. The internal pores apparently disappeared, as shown in Fig. 5(b) . On the other hand, Fig. 5(c) clearly shows that the higher temperatures resulted in the coarsened carbides and grains. A comparison of this result with that of Fig. 4(c) shows that the added TaC powder of cobalt-based alloys possesses two or more types of carbide precipitants. This indicates that the added TaC powder of cobalt-based alloys significantly affects the carbide precipitation patterns. Because the microstructures of the 15% TaC and 20% TaC specimens were similar at different sintering temperatures, this research selected the representative 20% TaC specimens for further analysis. Figure 6 shows the OM observations of 20% TaC specimens at different sintering temperatures. Compared with Fig. 5(a) , the TaC distribution level increased significantly, as shown in Fig. 6(a) . Similarly, the LPS temperature was not achieved after sintering at 1260°C for 1 h; the grain boundaries were not clearly observed, and only a few carbides were precipitated in the matrix. In addition, the high content of TaC exhibited an obvious inhibitory effect of carbide precipitation that resulted in relatively smaller carbides, 4) as shown in Fig. 6(b) . When the sintering temperature was increased to 1280°C, the excessive inhibition of precipitation resulted in a lack of carbide strengthened matrix. Moreover, the TaC powder easily clustered in the grain boundary and generated continuous carbide precipitations, as shown in Fig. 6(c) . The composite specimens showed continuous fracturing after being subjected to higher stress conditions. As a result, the 20% TaC specimen possessed higher hardness, but the strength was lower, as shown in Fig. 3 .
According to the above results and discussion, the optimal process and mechanical properties of composite specimens resulted at 10 mass% TaC sintered at 1270°C for 1 h. Figure 7 shows the BEI observations of 0% TaC and 10% TaC specimens after being sintered at 1270°C for 1 h. Figure 7(a) shows that only one type of carbide precipitated on the grain boundaries, and that the white precipitations were M 6 C carbides. However, the literature 15) indicated that a large number of M 6 C carbides easily produced intergranular brittle fractures, thus decreasing the material strength. In addition, three types of carbide precipitations appeared in the matrix and grain boundaries (M 23 C 6 , M 6 C and MC carbides), as shown in Fig. 7(b) . This research further used the EDS to confirm these carbide precipitations. Figure 8 shows the SEM and EDS results of the 0% TaC specimens sintered at 1270°C for 1 h. It is found that the main elements of the matrix (Point A) were Co, Cr and W. This is a basic element distribution of a cobalt-based alloys matrix. The carbide analysis of Point B showed the W-rich M 6 C carbide distribution. According to the literature, 4, 16) when the W content of cobalt-based alloys is more than 5 mass%, W will replace Cr and form the M 6 C-type carbide precipitation. This result is consistent with our previous study. 17) Figure 9 shows the SEM and EDS results of the 10% TaC specimens sintered at 1270°C for 1 h. There are three types of carbide distribution (shown in Points A, B and C) in the 10% TaC specimens. The gray area of Point A is the W-rich M 6 C, the black area of Point B is the Cr-rich M 23 C 6 and a light gray area of Point C is the MC (M = Ta) carbides, respectively. Addition of TaC has a significant effect on the M 23 C 6 carbides because M 23 C 6 carbide precipitations are more effective in improving the mechanical properties of cobaltbased alloys. 13) Adding suitable amounts of TaC powder to cobalt-based alloys is advantageous to the microstructural evolution after the optimal sintering process, and it plays an important role in improving the mechanical properties of cobalt-based alloys. In addition, the phase compositions were normally analyzed by means of X-ray diffractometer (XRD). The previous literature indicated that the possible phases in the alloys were MC, M 6 C and M 23 C 6 carbides. 1, 2) Furthermore, the grain-boundary appeared obviously in the sintering specimens (as shown in Figs. 4 and 5) . Therefore, it is reasonable to suggest that the sintering specimens possess crystalline structure. 13 ) Figure 10 shows the BEI observations of the composite specimens at 1270°C for 1 h of vacuum sintering plus HIP treatments (1250°C/125 MPa/100 min). The 0% TaC and 10% TaC specimens, which underwent HIP treatment, did not change the types of carbide precipitation. Therefore, the strengthening mechanism of cobalt-based alloys is independent of other types of carbide after HIP treatment. The M 6 C carbide of 0% TaC specimens clearly precipitated in the matrix and grain boundaries after HIP treatment, as shown in Fig. 10(a) . It is thus known that suitable M 6 C carbides are helpful in preventing the extended fracturing; it should be the main factor in strengthening 0% TaC specimens after HIP treatment. Figure 10 (b) shows the carbide precipitation of 10% TaC specimens plus HIP treatment, which are similar to those of sintering treatment only. Compared with Fig. 7(b) , M 6 C and MC carbides obviously decreased. Moreover, M 23 C 6 carbides clearly increased after HIP treatment, effectively improving the mechanical properties of the alloy. A comparison of the porosity, hardness and TRS value of 0% TaC and 10% TaC specimens under different vacuum sintering and HIP treatments is shown in Table 1 . The porosity of the 0% TaC (2.2% ¼ 1.8%) and the 10% TaC (1.8% ¼ 1.3%) specimens can be effectively eliminated after HIP treatment. The greatest hardness (79.3 HRA) and TRS (1720 MPa) were obtained by adding 10% TaC to cobalt-based alloys sintered at 1270°C for 1 h and followed by HIP treatment. Consequently, the HIP treatment is clearly an effective procedure in eliminating internal pores and improving the mechanical properties of sintered cobalt-based composite materials.
Conclusions
This study made it clear of the optimal process to be: adding 10 mass% TaC powders to the cobalt-based alloys and vacuum sintering at 1270°C for 1 h. The porosity of the 10% TaC sintered specimen was 1.8%. Moreover, the 10% TaC specimen possessed the highest TRS value (1160 MPa), and the hardness reached HRA 72.5. Both the hardness and TRS values of the composite materials significantly increased when adding the optimal volume of TaC powder to a cobaltbased alloy.
Only one type of carbide precipitation (M 6 C) was observed in the 0% TaC specimen, and the precipitations appeared along the grain boundaries. On the other hand, three types of carbide precipitations (M 6 C, M 23 C 6 and MC) appeared in the 10%, 15% and 20% TaC specimens. Sintering and HIP treatment of specimens did not affect the type of carbide precipitations. However, the M 6 C and MC carbides obviously decreased, but the M 23 C 6 carbides increased relatively after HIP treatment. This study also found that adding a suitable amount of TaC powder (10 mass%) could effectively inhibit the rapid growth of carbide precipitations, whereby the composite materials showed enhanced mechanical properties.
The porosity of the 0% TaC and 10% TaC specimens could be effectively eliminated after the HIP treatment, which could improve the mechanical properties of sintered cobalt-based composite materials. In this work, the highest hardness (HRA 79.3) and TRS (1720 MPa) were obtained by 10% TaC sintering plus HIP treatment (sintered at 1270°C for 1 h, followed by 1250°C, 125 MPa and 100 min HIP treatment). 
